To evaluate the pattern of losses associated with glaucomatous injury in patients with progressing glaucoma, functional losses were examined in 14 patients with progressing glaucoma using tests for which detection should be selectively mediated by one of three psychophysical mechanisms. Red-on-white increments, blue-on-white increments and critical flicker frequency were used to isolate the responses of the red-green chromatic mechanism, the blue-on chromatic mechanism, and the high-frequency flicker achromatic mechanism. For our 3.1°circular stimuli, chromatic defects were found in a greater number of the patients with glaucoma than were achromatic defects. We evaluated these defects in terms of two existing hypotheses: preferential loss and reduced redundancy. The greater sensitivity to glaucomatous injury of chromatic tests, compared to achromatic tests, found in this and other studies and the apparent discrepancy between anatomical and psychophysical studies can be parsimoniously explained by differences in cortical summation of ganglion cell responses for the chromatic and achromatic pathways.
Introduction
Over the past four decades there has been extensive research to develop more sensitive tests for the detection of visual defects in early glaucoma (for reviews see Felius, 1994; Sample, Madrid, & Weinreb, 1994; Johnson, 1995) . While early detection of glaucoma is an important area of clinical research, there is also a great need for improved methods to evaluate progression of visual loss and/or recovery of visual function in patients with progressing glaucoma. Development of psychophysical tests for use in the monitoring of glaucoma may benefit from application of theories developed in the context of early detection of glaucomatous visual loss.
Many studies of early glaucoma have shown that tests designed to isolate the responses of discrete subsets of ganglion cells often reveal functional defects before they occur with standard perimetry (Maddess & Henry, 1992; Felius, deJong, van den Berg, & Greve, 1995a; Johnson, 1995; Alvarez et al., 1997; Sample, Bosworth, & Weinreb, 1997; Maddess et al., 1999) . Two competing hypotheses have been presented to explain these findings: the preferential damage hypothesis proposes that, at least in early stages of the disease, glaucoma preferentially damages large-fiber ganglion cells as compared with small-fiber ganglion cells (Quigley, Sanchez, Dunkelburger, Henaut, & Baginski, 1987; Quigley, Dunkelberger, & Green, 1989; Glovinsky, Quigley, & Pease, 1993; Vickers et al., 1995) ; the reduced redundancy hypothesis proposes that tests that isolate the responses of a single class of ganglion cells (regardless of fiber size) are better able to detect glaucomatous loss than non-selective tests (such as standard perimetry) which may be mediated by several different ganglion cell classes (Johnson, 1994; Johnson, 1995) .
Psychophysical studies of early glaucoma have evaluated these hypotheses by using tests mediated by one or more of three mechanisms: a red -green chromatic mechanism, a blue-on chromatic mechanism, and a high-frequency flicker achromatic mechanism. These three psychophysical mechanisms have properties corresponding to three classes of retinal ganglion cells: the midget ganglion cells that respond well to red -green chromatic stimuli, and project to the parvocellular lamina of the dorsal lateral geniculate nucleus (dLGN) which when lesioned dramatically reduces red -green sensitivity (Merigan, 1991; Schiller, 1991) ; the small bistratified ganglion cells that are the only retinal ganglion cells which have so far been shown to respond well to S-cone isolating stimuli, and comprise a blue-on pathway via the koniocellular interlaminar region of the dLGN (Dacey & Lee, 1994a; Lee, 1996; Martin, White, Goodchild, Wilder, & Sefton, 1997) ; and the parasol ganglion cells that project to the magnocellular lamina of the dLGN, which a large amount of converging evidence suggests mediates sensitivity to high-frequency luminance modulation (Lee, Pokorny, Smith, Martin, & Valberg, 1990; Merigan, 1991; Schiller, 1991; Swanson, 1993) . A wide range of studies have reported early losses with short-wavelength stimuli (Johnson, Adams, Casson, & Brandt, 1993a; Johnson, Adams, Casson, & Brandt, 1993b; Wild, Moss, Whitaker, & O'Neill, 1995; Alvarez et al., 1997) or flickering stimuli (Tyler, 1981; Holopigian, Seiple, Mayron, Koty, & Lorenzo, 1990; Tytla, Trope, & Buncic, 1990; Maddess & Henry, 1992; Casson, Johnson, & Shapiro, 1993; Tyler, Hardage, & Stamper, 1994; Horn, Martus, & Korth, 1995) . Since both small bistratified cells and parasol cells (which appear to be the retinal ganglion cell inputs for the blue-on and high frequency flicker mechanisms, respectively) have larger fibers than midget cells (which appear to be the retinal ganglion cell inputs for the red -green mechanism), these results are consistent with both preferential loss and reduced redundancy hypotheses. A number of recent studies have reported early losses with red-onwhite or red -green stimuli (Greenstein & Hood, 1992; Kalloniatis, Harwerth, Smith, & DeSantis, 1993; Felius, van den Berg, & Spekreijse, 1995b; Greenstein, Halevy, Zaidi, Koenig, & Ritch, 1996; Alvarez et al., 1997) . The reduced redundancy hypothesis is consistent with early damage to the red -green mechanism, while the preferential damage hypothesis is not.
Although a number of studies aimed at early detection of glaucoma have compared visual losses associated with the three mechanisms, there has been less emphasis on examining the pattern of losses across the chromatic and achromatic mechanisms in damaged areas of the visual field. The current study evaluated the preferential damage and reduced redundancy hypotheses in patients with progressing glaucoma, using tests designed to isolate the responses of the red -green chromatic, blue-on chromatic and high-frequency flicker achromatic mechanisms (Swanson, 1993; Harwerth, Smith, & Chandler, 1999a; Pearson & Swanson, 2000) . This is the first step in a longitudinal study which will also compare the loss-only and loss/damage hypotheses (Alvarez et al., 1997) in established glaucoma by determining whether visual function can improve after interventions which reduce intraocular pressure. All measurements were obtained at retinal illuminances high enough that contrast sensitivity does not change with retinal illuminance (that is, all thresholds are in the Weber region) to minimize effects of prereceptoral factors such as pupillary miosis and lens yellowing, which can have greater effects on sensitivity to short-wavelength (van Norren & Vos, 1974; Hudson & Wild, 1993; Sample, Martinez, & Weinreb, 1994) or flickering stimuli (Mayer, Kim, Svingos, & Glucs, 1988 ) than on static white-on-white or red-on-white stimuli. To minimize within-session and between-session variability, which may be greater for one type of stimulus than another and may increase with depth of defect (Chauhan, Tompkins, LeBlanc, & McCormick, 1993; Felius et al., 1995a; Felius et al., 1995b; Wild et al., 1995) , a large stimulus size was used (Wilensky, Mermelstein, & Siegel, 1986; Gilpin, Stewart, Hunt, & Broom, 1990; Wall, Stanek, & Chauhan, 1996) , with neutral (white) adaptation (Felius & Swanson, 1997) .
Methods

Participants
Fourteen patients (mean age, 67.29 9.5 years) were recruited from the tertiary glaucoma practice of one of the authors (R.L.F.); clinical data are given in Table 1 . For inclusion in this investigation, patients were required to have no ocular disorder besides glaucoma, be free of congenital color defect, have best-corrected acuity of 20/30 (6/9) or better, and be judged by their ophthalmologist (R.L.F.) as being in need of intervention to halt progression of glaucoma.
To establish norms for these tests, 14 age-similar normal volunteers (mean age 66.69 9.1 years) were recruited. The means and standard deviations of the clinical measures for the normal group are shown on the bottom of Table 1 . Normal volunteers were required to pass an ophthalmological exam, have bestcorrected acuity of 20/25 (6/7.5) or better, have age-normal performance on the Regan Contrast Sensitivity charts and on the 24-2 visual field with spot size III, and pass four color vision tests: the D-15, the desaturated D-15, the Ishihara plates and the SPP-II plates. All colour tests were administered in a room with a 200 lux illuminant which had a color-rendering index of 0.94. In accordance with the tenets of the Declaration of Helsinki, informed consent was obtained from each participant before testing. The protocol was approved by the Institutional Review Board of the University of Texas Southwestern Medical Center.
Apparatus
The Humphrey Field Analyzer I (Humphrey Instruments, Inc., San Leandro, CA), model 640, was used to measure 24-2 visual fields with spot size III (0.43°), using the standard full threshold program.
A custom-built three-channel direct-view xenon-arc optical system (Pearson & Swanson, 2000) was used to produce stimuli which isolate the responses of the redgreen, blue-on and high-frequency flicker mechanisms: red increments (Harwerth et al., 1999a; Pearson & Swanson, 2000) , blue increments (Dacey & Lee, 1994a; Martin et al., 1997; Harwerth et al., 1999a; Pearson & Swanson, 2000) , and flicker (Lee et al., 1990; Merigan, 1991; Schiller, 1991; Merigan & Maunsell, 1993; Swanson, 1993) . The first channel produced a 30°square white background (21 cd/m 2 ), the second channel produced a 3.1°circular white pedestal, and the third channel produced a test stimulus which was spatially contiguous with the pedestal (Fig. 1 ). An integrating sphere combined test and pedestal lights, and a mirror galvanometer provided precise temporal control of the luminance of the test light (Yeh, Pokorny, & Smith, 1993) (Fig. 1 ). Increments were Gaussian pulses with a 100-ms time constant (67% of the energy was contained within the central 200 ms). Flickering stimuli were temporal Gabor waveforms of the form 1+ exp (− (2yf c t/20) 2 ) sin(2yf c t), where f c is the peak frequency of the stimulus and t is time in seconds; these stimuli are localized in time, have no DC component, have narrow temporal bandwidth (0.2 octave), and avoid complications of temporal probability summation (Felius & Swanson, 1999) . The luminance of the test light could be varied over a 7 log unit range; 4 log units via calibrated neutral density filters, 3 log units via the mirror galvanometer. The maximum luminance of the test light was 1800 cd/m 2 . The color of the test increment was controlled with bandpass filters (Andover Corporation, Salem NH, 60-nm half bandwidth). A head and chin rest was used to maintain a constant Table 2 Estimates of the number of midget, small bistratified, and parasol ganglion cells at 14°eccentricity whose dendritic fields are covered by circular test objects of different diameters, based on estimates of the density of each class of ganglion cell across the human retina (Dacey, 1994) and estimates of the coverage factors (Dacey, 1994 The test and pedestal were spatially contiguous 3.1°circular stimuli and the background was a 30°square at 21 cd/m 2 . A grid of fixation points matched the test locations used in the 24-2 perimetric test. Both the pedestal and the background were white lights and the test was either white, red or blue (see text). (B) For the increment thresholds (top), the combined luminance of the white pedestal and the white background was 81 cd/m 2 (broken line). The test for the increment thresholds was a Gaussian pulse with a 100-ms time constant (solid line). The broken line represents the combined luminance of the pedestal and the background on which the test was added in one of the two intervals. For the CFF (bottom), the mean luminance was 981 cd/m 2 and the contrast of the test (solid line) was modulated at 96% contrast in one of the intervals.
ities of (0.1394, 0.0632) for blue and (0.6928, 0.3053) for red, and a color temperature of 4853 K for white. Spectral distributions were multiplied by peripheral spectral sensitivity functions of chromatic mechanisms for normal subjects (Pearson & Swanson, 2000) to estimate the relative sensitivities of red -green and blueon mechanisms for the red and blue stimuli. These calculations indicated that the blue-on mechanism was 5.8 dB more sensitive than the red -green mechanism to blue increments and 4.5 dB less sensitive than the red -green mechanism to red increments. To evaluate isolation of the blue-on mechanism from red -green mechanism of individual observers, we computed the ratio of sensitivities of the two mechanisms to the blue and red stimuli, incorporating the average lens density for older normal eyes (Pokorny, Smith, & Lutze, 1987) . These calculations showed that, at 14°in the periphery, the red -green mechanism is 0.5 dB more sensitive to the red increments than to the blue increments, while the blue-on mechanism is 10.4 dB more sensitive to the blue increments than to the red increments. Therefore, if sensitivity to red was 0.5 dB higher than sensitivity to blue, this would indicate that red and blue thresholds were both mediated by the red -green mechanism. If sensitivity to blue increments was 10.4 dB higher than sensitivity to red increments, this would indicate that red and blue thresholds were both mediated by the blue-on mechanism.
Procedure
In a single visit of approximately 90 min, each participant completed a 24-2 visual field as well as three specialized tests at one peripheral location between 12 and 20°eccentricity. Based on the patient's 24-2 visual field, a peripheral location with reduced sensitivity was selected to be tested using stimuli mediated by the red -green, blue-on, and high-frequency flicker mechanisms; the same peripheral location was then used to test the patient's age-similar volunteer. For the five patients who did not have a significant defect on the 24-2 visual field (Table 1) , a peripheral location was randomly selected by the experimenter and the patient's age-similar volunteer was tested at the same peripheral location. The three specialized tests were increment thresholds for red and blue at a mean luminance of 81 cd/m 2 and CFF (critical flicker frequency, the highest temporal frequency visible at 95% contrast) at a mean luminance of 900 cd/m 2 ( Fig. 1) . In a second visit 1 week later, all tests were repeated. Analysis of a larger normative database showed that our stimulus design succeeded in minimizing effects of age and eccentricity: mean contrast thresholds did not vary with age between 20 and 70 years, and for all three tests the variation with eccentricity was less than 3 dB across the range of locations we tested.
viewing distance and head position. In addition, an RK-426 eyetracker (ISCAN Inc., Cambridge, MA) was used to monitor fixation.
Spectroradiometric calibrations (PR-704, Photo Research, Chatsworth, CA) yielded CIE (1931) chromatic-In addition, four control conditions were included (either during the two visits or in follow-up visits) to determine for each patient whether red, blue and CFF thresholds were in the Weber region and whether red and blue increments were mediated by chromatic rather than achromatic mechanisms. The first three control conditions determined whether the thresholds obtained for each participant were in the Weber region by remeasuring thresholds for red, blue and CFF with a 1.0 log unit Wratten filter placed in front of the eye to attenuate the mean luminance of the display. Thresholds in the Weber region are independent of retinal illuminance, and hence immune to effects of pupil diameter. For our broad-band stimuli, effects of lens yellowing will be minimal in the Weber region. The fourth control condition was measurement of the increment threshold for white, to determine whether the thresholds obtained for blue and red were mediated by chromatic mechanisms (Sperling & Harwerth, 1971; Miyahara, Pokorny, & Smith, 1996; Pearson & Swanson, 2000) .
For each specialized test, stimulus intensity was varied using a 2-down-1-up two-interval forced-choice staircase procedure (Levitt, 1971) , with a minimum step size of 0.075 log unit (for increment thresholds) or 1 Hz (for CFF). Thresholds and slopes of psychometric functions were estimated using a maximum likelihood technique (Swanson & Birch, 1992) . Contrast sensitivities are reported in decibels (1 dB= 0.1 log unit) of luminance contrast (i.e. luminance of the increment divided by the mean luminance). Visual field data are reported in luminance contrast units, which can be converted to the conventional perimetric units of dB attenuation by adding 25 dB to the reported values. CFF data were recorded in Hz, while the other measures were in log contrast. Direct comparisons of CFF and increment sensitivity requires that all thresholds be expressed in log contrast units (decibels). To determine the appropriate conversion from CFF to log contrast, we conducted control experiments in which we measured CFF as a function of contrast. We found that as contrast increases from 10 to 100%, Weberian CFF increases linearly with log contrast, with a slope of 25 Hz per log unit (equivalent to 0.4 dB/Hz). For ease in comparison, CFF data were therefore converted to dB luminance contrast units by multiplying frequency in Hz by 0.4 dB/Hz.
Results
To ensure that there was no effect of practice on the tests isolating the responses of the red -green, blue-on and high frequency flicker mechanisms, a repeated measures ANOVA was used to compare the red, blue and CFF thresholds obtained in the first session to those obtained in the second session. Although a significant interaction between the test and session was obtained (F(2, 26)= 4.67, P = 0.0186), post-hoc t-tests revealed that the red, blue, and CFF thresholds obtained in the first visit were not significantly different from those obtained in the second visit (tB 1.8, P\ 0.09) for either the normal or the patient group. Therefore, for each participant and specialized test, the average of the contrast sensitivities from the two visits was used in subsequent analyses.
The red, blue and white thresholds were compared for the patient and normal groups using planned t-tests to ensure that the tests isolated the responses of the desired mechanisms. To ensure that red and blue tests isolated chromatic responses, red and blue thresholds were compared to thresholds for white stimuli (Fig. 2) . For both patient and control groups, sensitivity to both red and blue increments was significantly greater than sensitivity to white increments (t\ 7.5, P B 0.0005), establishing that red and blue increments isolated chromatic rather than achromatic responses. For both groups sensitivity to blue increments was, on average, 4.7 dB greater than sensitivity to red increments. Paired t-tests comparing the red and blue thresholds for each of the groups confirmed that sensitivity to blue increments was significantly higher than sensitivity to red increments (t\7.7, P B 0.0005). Recall that if the redgreen mechanism mediated detection of the blue increments at threshold, it was expected that sensitivity to blue increments would be 0.5 dB lower than sensitivity to red increments. Therefore, the present findings confirm that, as found in a previous study of normal observers with the same stimuli (Pearson & Swanson, 2000) , the red -green mechanism did not mediate detection of the blue increments at threshold (Sperling & Harwerth, 1971; Miyahara et al., 1996) . Based upon calculations of the relative sensitivity of the red -green and blue-on mechanisms for the red and blue stimuli, it was determined that sensitivity to the blue increments that was 10.4 dB above that for the red increments would be consistent with both increments being mediated by the blue-on mechanism. To test whether the blue-on mechanism mediated detection of the red increments, we added 10.4 to each of the sensitivities for the red increments and used a paired t-test to determine whether these values were significantly different from the sensitivities for the blue increments. For both the patient and the normal group, the paired t-test confirmed that sensitivity to the scaled red increments was significantly higher than sensitivity to blue increments (t\ 7.5, PB 0.0005), indicating that sensitivity to red increments was less than 10.4 dB below sensitivity for blue increments. Therefore, we concluded that the blueon mechanism did not mediate detection of the red increments for either group.
For red, blue and CFF tests, control data with a 1.0 log unit attenuation in mean luminance were gathered for at least half of the members of each normal group and compared to thresholds obtained without the 1.0 log unit attenuation using planned comparisons. For red and blue increments, there was no significant difference between contrast sensitivities at the two mean luminances (tB1.08, P \ 0.30) indicating that the thresholds for each test were in the Weber region (Kalloniatis & Harwerth, 1989; Yeh, Smith, & Pokorny, 1989; Pearson & Swanson, 2000) . For CFF, both groups showed a small (7.1 Hz for the normal group and 6.7 Hz for the patient group) but significant (t \ 2.7, P B 0.04) decrease in CFF with reduction in mean luminance. The mean decreases in CFF for the two groups corresponded to decreases in contrast sensitivity of less than 3 dB for a 10 dB decrease in mean luminance, indicating that the CFF values in the main experiment were in the Weber region (Felius & Swanson, 1999) .
Figs. 3 and 4 show within-session variability (slopes of the psychometric functions) and between-session variability (test -retest difference) for the red, blue, and CFF tests, and between-session variability for the same location in the visual field tests. In accordance with our earlier report (Pearson, Swanson, Fellman, Starita, & Lynn, 1999) , repeated measures ANOVAs confirmed that for the red, blue and CFF tests there were no differences between patients and normals in within-session (F(1, 26) =0.05, P = 0.82) or between-session variability (F(1, 26)= 0.07, P= 0.80). Consistent with earlier studies (Heijl, Lindgren, & Lindgren, 1989; Haefliger & Flammer, 1991; Chauhan et al., 1993; Chauhan & Johnson, 1994) , the patients had significantly greater between-session variability(t = 2.59, P= 0.016) for the 24-2 fields than the normals.
To compare performance of patients on different tests, defect depth was computed as the difference from mean normal. The average defect depths and the standard errors are shown in Fig. 5 . A repeated measures ANOVA (Table 3 ) comparing the depth of defect for patients and normals for the red increment, blue increment, white increment, CFF and 24-2 revealed significant effects of group and test, and a significant interaction between group and test. Sheffé post-hoc tests (Table 4) showed that the mean defect for patients was significantly below normal for red, blue and 24-2 tests but not for the white and CFF tests. Sheffé post-hoc tests ( Table 4 ) also showed that defects obtained on the perimeter with the 24-2 program using a 0.43°stimulus were greater than those on any of the specialized tests using a 3.1°stimulus at the same test location. No other pairwise comparisons were significant (P\ 0.40).
To compare the ability of the specialized tests to identify individuals as having a defect, defect depths were converted to z-scores. In Fig. 6 , for each patient the z-scores for the red and blue increments are shown Fig. 2 . Contrast sensitivity for the red, blue and white increments for each of the observers indicating that red and blue increments were mediated by chromatic rather than achromatic mechanisms. Fig. 3 . Within-session variability as a function of contrast sensitivity for the red (top), blue (middle) and CFF (bottom) stimuli. The solid and dashed lines depict the average within-session variability for patients and normals, respectively. The arrows depict mean sensitivity for the patients (P) and normals (N). Alvarez et al., 1997; Harwerth, Carter-Dawson, Shen, Smith, & Crawford, 1999b) suggests that ganglion cell loss associated with glaucoma may not be preferential and raises the second question. That is, if ganglion cell loss is not preferential for one of the ganglion cell classes, why are some psychophysical tests more sensitive to ganglion cell loss than others? We explored these questions in the context of established glaucoma, using tests designed to isolate the responses of the red -green chromatic, blue-on chromatic and high-frequency flicker achromatic mechanisms.
Assessing the preferential damage hypothesis or any hypothesis about ganglion cell function using psychophysical tests assumes, as many authors have done (Yu, Falcao-Reis, Spileers, & Arden, 1991; Johnson, 1995; Sample, Bosworth, & Weinreb, 1998) , that psychophysical tests will reflect ganglion cell damage if damage exists (see Quigley (1998) for discussion against this position). This implicitly assumes that ganglion cell function is directly accessible using psychophysical tests and that processing of the ganglion cell signals higher in the visual system is similar across all ganglion cell classes. Since many others have implicitly assumed that this is the case, we shall initially evaluate the preferential damage and reduced redundancy hypotheses assuming that our specialized tests directly reflect ganglion cell function. However, we revisit this issue later in the discussion when the processing of ganglion cell responses higher in the visual system is explicitly examined.
Sensitivity for the patient group was significantly below normal for the red and blue increments, indicating that both the red -green and blue-on mechanisms were significantly affected in the perimetrically abnormal regions that were tested in our patient population. As expected based on studies of the effect of stimulus size in patients with glaucoma (Wilensky et al., 1986; Gilpin et al., 1990; Wall, Kardon, & Moore, 1993; Wall et al., 1996) , white-on-white defects were significantly deeper for the relatively small 0.43°stimulus than for the much larger 3.1°stimulus used for our specialized tests. Red and blue defects in our patients with established glaucoma were similar in magnitude, confirming and extending results of studies of foveal colour sensitivity in patients with early glaucoma (Greenstein & Hood, 1992; Kalloniatis et al., 1993; Greenstein et al., 1996; Alvarez et al., 1997 ) and a recent study in monkeys with more advanced glaucomatous loss (Harwerth et al., 1999a) . In addition, for the 3.1°stimulus the red defects were on average twice as deep as CFF defects, even though the fibers of the parasol ganglion cells of the high-frequency flicker pathway are larger than the fibers of the midget ganglion cells comprising the redgreen pathway. This result suggests that, as appears to be the case in early glaucoma (Yu et al., 1991; Greenstein et al., 1996; Alvarez et al., 1997; as a function of the z-score for CFF; a bivariate Gaussian ellipse shows the 95% confidence limit for normal. The CFF test only identified two patients with defects outside the confidence limit, while the blue and red tests each identified nine patients with defects outside the confidence limit.
Discussion
We evaluated the preferential damage and reduced redundancy hypotheses in patients with progressing glaucoma. These hypotheses, which were originally developed in the context of early detection of glaucoma, raise two separate questions. First, is ganglion cell loss preferential for large fiber cells (as suggested by the preferential loss hypothesis) or is damage not preferential (as suggested by the reduced redundancy hypothesis)? A growing body of anatomical and psychophysical evidence Greenstein et al., 1996 ; 1999b), ganglion cell loss in established glaucoma cases may not be preferential for large-fiber ganglion cells.
The greater defects obtained with the red increments are consistent with the suggestion of Alvarez et al. (1997) that, in at least some patients, the red -green mechanism may be damaged more than the achromatic mechanism by glaucoma. Although our data are consistent with greater damage or loss of midget cells of the red -green chromatic pathway, it is unlikely that a change in opponency of the midget ganglion cells is responsible for the decline in red sensitivity observed in this and other studies (Hart, Silverman, Trick, Nesher, & Gordon, 1990; Yu et al., 1991; Greenstein et al., 1996; Alvarez et al., 1997) . Alvarez et al. (1997) suggested that a loss in specificity of the surround would reduce red sensitivity but not achromatic sensitivity. However, Alvarez et al. (1997) and Greenstein et al. (1996) found equal elevations in red and green sensitivity of glaucoma patients suggesting that it is unlikely that the spectral tuning of the midget cell based mechanism has changed. Furthermore, it is not apparent that a change in the specificity of the surround would result in a change in red sensitivity in the absence of a change in achromatic sensitivity as postulated by Alvarez et al. (1997) . The model of Mullen and Kingdom (1996) suggests that a loss of specificity in the surround would decrease both chromatic and achromatic sensitivity. Further evidence against the proposal that a reduction in the specificity of the surround of midget cells causes decreased sensitivity to red increments is the fact that heterozygous carriers of protan defects have flicker photometric matches indicating reduced numbers of L-cones relative to normal yet have normal spectral sensitivity (Swanson, 1991; Swanson & Fiedelman, 1997; Miyahara, Pokorny, Baron, & Baron, 1998) .
The losses observed in this study and others suggest that the midget and small bistratified cells may be damaged to a similar degree (Hart et al., 1990; Yu et al., 1991; Greenstein et al., 1996) . Following the suggestion by Rodieck (1991) that the small bistratified ganglion cells may mediate both red -green and blue -yellow sensitivity, Alvarez et al. (1997) suggested that a selective loss of the small bistratified cells may account for the similar losses of blue -yellow and redgreen sensitivity. More recent physiological evidence is consistent with the proposal that, rather than a single ganglion cell type mediating colour vision, the small bistratified ganglion cells mediate detection of shortwavelength increments (Dacey & Lee, 1994a; Martin et al., 1997) while red -green sensitivity is mediated by the a df, degrees of freedom; SS, sum of squares; MS, mean square; F, ratio; P, probability; m, sphericity index; P*, the P-value corrected for violations of sphericity. midget cells (Lee et al., 1990; Dacey, 1993; Dacey & Lee, 1994b) . Thus it is not apparent, given the anatomical differences among the midget, small bistratified and parasol cells, why the midget and small bistratified cells would be selectively injured by glaucoma while the parasol cells were selectively spared.
The previous hypotheses focus on the ganglion cells themselves to account for the psychophysically obtained defects since the ganglion cells are the site of insult in glaucoma. Although chromatic defects are consistent with selective damage of the midget and/or small bistratified cells, no anatomical support for such a pattern of selective damage has been obtained. If preferential damage to the ganglion cells is not responsible for the differential defects obtained on the red, blue and CFF tests, why are some tests more sensitive than others?
The reduced redundancy hypothesis proposes that tests which stimulate individual ganglion cell mosaics are more sensitive to ganglion cell loss than stimuli which stimulate several mosaics, since 'holes' in different mosaics may not overlap (Johnson, 1994; Johnson, 1995) . Our results suggest that the reduced redundancy hypothesis cannot be readily extended to account for the pattern of losses we obtained in patients with progressing glaucoma, since defects obtained with the non-specific white increments (for which threshold may be mediated by several mechanisms; were similar in depth to those obtained with the CFF stimuli or the blue stimuli (which should be mediated by a single mechanism each; Merigan, 1991; Schiller, 1991; Merigan & Maunsell, 1993; Swanson, 1993; Harwerth et al., 1999b; Pearson & Swanson, 2000) .
To evaluate whether the number of ganglion cells mediating the detection of the stimuli may play a role in determining which test is more sensitive to defects, we used published data on ganglion cell density and coverage (Dacey, 1994) to estimate the number of midget, small bistratified and parasol cells mediating the thresholds of circular stimuli with diameters of 0.43°(size III), 1.72°(size V) and 3.1°(our test size) at 14°eccentricity (in the middle of the range of eccentricities we tested). Both midget and parasol ganglion cells can mediate detection of white increments , while detection of our red, blue and CFF stimuli should be mediated by one cell class each (Lee et al., 1990; Merigan, 1991; Schiller, 1991; Merigan & Maunsell, 1993; Swanson, 1993; Harwerth et al., 1999b; Pearson & Swanson, 2000) . In the case of the red stimuli, for which we must consider separately the L- and M-cone center and on and off center ganglion cells, the number of ganglion cells which may respond to the 620-nm stimulus can be approximated as half the number of midget ganglion cells with dendritic fields underlying the stimulus (Crook, Lee, Tigwell, & Valberg, 1987) . Therefore, based on the estimates shown in Table 2 , as many as 41 cells may mediate the detection of the 24-2 size III stimulus, 145 our blue stimulus, 575 our CFF stimulus, 785 our red stimulus and 2144 our white stimulus. The coverage factors reported in different studies vary widely (Perry & Cowey, 1985; Crook, Lange-Malecki, Lee, & Valberg, 1988; Silveira & Perry, 1991; Grunert, Greferath, Boycott, & Wassle, 1993; Dacey, 1994) , and the coverage factor we used for the midget cells (Dacey, 1994) is among the smallest in the literature; larger coverage factors for the midget cells would yield even more midget cells responding to the stimuli than shown in Table 2 . The hypothesis that defects are greater when the number of cells mediating detection of the stimuli is minimized makes the incorrect prediction that defects would be greater for CFF than for red increments. Furthermore, our tests yielded defects of similar magnitude for the blue and red stimuli even though the number of cells stimulated is fivefold greater for the red increments. Interestingly, if cell number accounted for sensitivity of tests to ganglion cell loss then short-wavelength automated perimetry (blue-on-yellow) which uses a size V stimulus should yield similar losses as a size III white-on-white stimulus since both are mediated by approximately the same number of cells. Hence, the number of ganglion cells stimulated cannot account for the red and blue defects of similar magnitude obtained in this and other studies (Yu et al., 1991; Greenstein et al., 1996; Alvarez et al., 1997) nor the well-documented advantage of blue-onyellow over standard white-on-white perimetry (Sample & Weinreb, 1990; Johnson et al., 1993a; Johnson et al., 1993b; Sample, Martinez, & Weinreb, 1993; Sample et al., 1997) .
Another explanation of the sensitivity of different tests involving the properties of the individual ganglion cell mosaics, rather than preferential damage, has been raised by Maddess and colleagues (Maddess & Henry, 1992; Maddess et al., 1999) . They suggested that equal percentages of ganglion cell loss could be expected to result in holes in mosaics with the lower coverage factors prior to those with higher coverage factors and hence, tests mediated by the ganglion cell mosaic with a low coverage factor would reveal defects prior to those mediated by a mosaic with a higher coverage factor. As noted above, estimates of the coverage factors of each of the ganglion cell mosaics vary widely, making this hypothesis difficult to evaluate (since it, unlike the hypothesis above, critically depends upon the coverage factors selected). If we use the conservative coverage factors (Dacey, 1994) used to evaluate the previous hypothesis, we would postulate that the defects obtained with the red stimuli should be greater than those obtained with the blue or CFF stimuli. The least conservative estimate of the coverage of the midget ganglion cells (Crook et al., 1988) would predict that defects obtained with the red stimuli should be much smaller than those obtained with the blue or CFF stimuli. Therefore, the overlap of ganglion cells in the individual mosaics that Maddess and colleagues (Maddess & Henry, 1992; Maddess et al., 1999) refer to as redundancy can not account for the red and blue defects of similar magnitude obtained in this study and other studies (Yu et al., 1991; Greenstein et al., 1996; Alvarez et al., 1997; Harwerth et al., 1999a) .
Thus far, using explanations based upon the selective death of ganglion cell subclasses or upon properties of the ganglion cell mosaics, we have failed to account for the finding that chromatic tests appear to be more sensitive to glaucomatous ganglion cell damage than achromatic tests. Although the primary site of injury is at the ganglion cell level, the ganglion cells are only one of the components of the parallel pathways which mediate the detection of chromatic stimuli. As we acknowledged at the beginning of the discussion, our examination of whether the differential sensitivity of chromatic and achromatic tests could be accounted for based upon properties of the ganglion cells or of the ganglion cell mosaics implicitly assumed that the responses of the ganglion cell classes are directly reflected in psychophysical sensitivities. This assumption requires that the responses of the ganglion cell classes are similarly affected by processing higher in the visual system. However, psychophysical and single-unit data on spatial properties of chromatic and achromatic pathways are consistent with the idea that some cortical neurons mediating chromatic thresholds integrate signals from a larger number of ganglion cells than do cortical neurons mediating achromatic thresholds (Bradley, Switkes, & DeValois, 1988; Tootell, Silverman, Hamilton, DeValois, & Switkes, 1988; Hess, Mullen, & Zrenner, 1989; Humanski & Wilson, 1992; Humanski & Wilson, 1993; Sekiguchi, Williams, & Brainard, 1993) . Thus, we now explicitly consider the possible influence of the differences in the spatial pooling properties of chromatic and achromatic cortical neurons on the sensitivity of chromatic and achromatic tests to glaucomatous ganglion cell loss.
Can the larger spatial pooling of chromatic signals in visual cortex account for the differential sensitivity of red, blue and CFF tests to glaucomatous ganglion cell loss? If each chromatic cortical neuron integrates signals from a large number of ganglion cells, then the effect of the death of an individual ganglion cell will be to reduce slightly the sensitivity of all of the cortical neurons sampling that region in visual space. That is, ganglion cell loss would result in a relatively homoge-neous population of chromatic cortical neurons, all with reduced sensitivity. However, if each achromatic cortical neuron receives excitatory input from a small number of ganglion cells, loss of a single ganglion cell would greatly reduce the sensitivity of the cortical neurons receiving input from it while nearby achromatic cortical neurons would be relatively unaffected. That is, ganglion cell loss would result in a relatively inhomogeneous population of achromatic cortical neurons, some with normal sensitivity and some with greatly reduced sensitivity. Evidence of such inhomogeneity in conventional perimetry was obtained by Fellman, Lynn, Starita, and Swanson (1989) , who used high-resolution sampling in glaucomatous defects with the small (0.43°diameter) achromatic stimuli used in conventional perimetry, and found that immediately adjacent locations could have dramatic differences in sensitivity. Therefore, the punctate loss of individual ganglion cells would be expected to result in an array of chromatic cortical neurons with homogeneously decreased responses and an array of achromatic cortical neurons with heterogeneous responses. Assuming probability summation across cortical neurons which sample from the same areas in visual space, chromatic thresholds would be expected to decrease after the loss of a small number of ganglion cells whereas achromatic thresholds would be expected to be more resilient.
Although our spatial pooling hypothesis has not yet been directly tested, the findings in this study and others (Sample & Weinreb, 1990; Yu et al., 1991; Johnson et al., 1993a; Johnson et al., 1993b; Sample et al., 1993; Greenstein et al., 1996; Alvarez et al., 1997; Sample et al., 1997) of greater defect depth for chromatic stimuli than for achromatic stimuli are consistent with the hypothesis. The spatial pooling hypothesis correctly predicts that within-and between-session variability for tasks with relatively small spatial summation areas will be higher for patients with glaucoma (Heijl et al., 1989; Haefliger & Flammer, 1991; Chauhan et al., 1993; Wall et al., 1996) and will increase as stimulus size decreases (Wilensky et al., 1986; Gilpin et al., 1990; Wall et al., 1993) . Furthermore, the spatial pooling hypothesis has the potential to resolve the current discrepancy between anatomical and psychophysical findings in glaucoma since it suggests that summation of ganglion cell responses by cortical neurons may mask parasol cell death more than it masks small bistratified cell or midget cell death.
